The effect of denture cleansers on the mechanical and optical properties of 3D printed and heat-polymerized dentures by Khayat, Afaf
Boston University
OpenBU http://open.bu.edu
Theses & Dissertations Boston University Theses & Dissertations
2021
The effect of denture cleansers on
the mechanical and optical












THE EFFECT OF DENTURE CLEANSERS ON THE MECHANICAL AND 






D.D.S., Ajman University of Science and Technology, 2016 
C.A.G.S., Boston University, 2020 
 
Submitted in partial fulfillment of the requirements for the degree of 




THE EFFECT OF DENTURE CLEANSERS ON THE MECHANICAL AND 
OPTICAL PROPERTIES OF 3D PRINTED AND HEAT-POLYMERIZED 
DENTURES 
AFAF KHAYAT 
Master of Science in Dentistry 
In the Department of Restorative Sciences and Biomaterials 
 
 
Approved by:  
 
First Reader ________________________________________________________  
Russell Giordano II, D.M.D., C.A.G.S., D.M.Sc  
Associate Professor of Restorative Sciences and Biomaterials,  
Director of Biomaterials 
Assistant Dean for Biomaterials & Biomaterials Research  
Department of Restorative Sciences and Biomaterials 
 
Second Reader ________________________________________________________  
Yuwei Fan, B.S., M.Sc., Ph.D.  
Research Assistant Professor 
Department of Restorative Sciences and Biomaterials 
 
Third Reader ________________________________________________________  
Hideo Yamamoto, D.M.D., C.A.G.S. 
Clinical Professor 
Department of Restorative Sciences and Biomaterials  
 
Chair's Approval  
Alexander Bendayan, D.D.S., C.A.G.S., F.I.C.D.  
Chair ________________________________________________________  
ad Interim Chair of Restorative Sciences & Biomaterials 
Associate Dean for Digital Development, Technology and Innovation  
Clinical Professor Department of Restorative Sciences and Biomaterials 
Clinical Professor of Prosthodontics 
 iv 
ACKNOWLEDGEMENTS 
I would like to acknowledge and give my sincere appreciation and deep gratitude 
to my supervisors, Dr. Russell Giordano and Dr. Fan Yuwei who have made this work 
possible. Their inspiring guidance, valuable advice, and endless support has motivated me 
to be able to conduct this study. 
I would also like to thank the biomaterials staff and committee members for their 
help and time throughout my research. 
I would like to express my gratitude towards my family for the encouragement amd 
unconditional support which helped me in completion of this paper. My parents and 
siblings who are always by my side and serve as my inspiration to pursue this undertaking. 
My thanks and appreciation also goes to my colleagues and friends who have 




THE EFFECT OF DENTURE CLEANSERS ON THE MECHANICAL AND 
OPTICAL PROPERTIES OF 3D PRINTED AND HEAT-POLYMERIZED 
DENTURES 
 
Boston University, Henry M. Goldman School of Dental Medicine, 2020 
 
Major Professor: Russell Giordano, II D.M.D., C.A.G.S., D. M. Sc. 
Director and Associate Professor, 




Objective: To assess the effect of denture cleansers on the mechanical and optical 
properties such as color stability, surface hardness, surface roughness, and flexural strength 
of the 3D printed denture acrylics in comparison to heat polymerized denture acrylics. 
Materials and Method: A total of 216 disc specimens (12 mm × 2mm) were made from 
Lucitone Digital Print, DENTCA Denture Base II, Formlabs denture resin, and Lucitone 
199. Each type of acrylic was divided into four sub-groups, Efferdent, Polident, dish soap 
and control group in water. Specimens of each material were exposed to a total of 28 cycles 
of immersion in denture cleanser, while being stored in water in an incubator at 37°C in 
between cycles to test for color stability, surface roughness, microhardness and biaxial 
flexural strength. Baseline values were obtained for color, hardness, surface roughness, and 
biaxial flexural strength using a CIE L*a*b* color space by spectrophotometer, Vickers 
microhardness in hardness tester, line Ra by profilometer, and ball-on-three-ball fixture 
with universal testing machine respectively. Color, surface roughness, and surface 
hardness values were obtained at the 8th, 16th, and 28th cycles in order to compare color 
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stability along with changes in surface roughness and surface hardness. Biaxial flexural 
strength values were performed for specimens at the 28th cycle as a destructive test to 
compare values of treated and untreated specimens. SEM analysis was performed to assess 
fracture behavior and microstructural changes. The differences between the tested 
materials and the treatment effects were statistically analyzed using the Tukey HSD test 
(a=0.05) and MANOVA test (a=0.05) 
Results: The greatest significant change in color was seen in Lucitone 199 specimens (P 
value <0.0001) when exposed to dish soap. Lucitone 199 and Lucitone Digital Print had 
the significantly lowest microhardness values (P value< 0.0001) after exposure to 
treatments, especially dish soap. Surface roughness was significantly higher for all 3D 
specimens initially (P value <0.001), however with exposure to Efferdent and Polident, 
Lucitone 199 specimens had the greatest significant increase in surface roughness. The 
surface roughness of 3D printed specimens did not significantly increase with exposure to 
treatments.  The biaxial flexural strength of all materials decreased significantly with the 
exposure to all treatments (P value< 0.0001). Overall, Lucitone 199 had the lowest flexural 
strength in both treatment and control groups compared to all the 3D printed materials. 
Formlabs was significantly affected by exposure to treatments,and had the greatest 
decrease in biaxial flexural strength (P value <0.0001).  
Conclusion: Within the limitations of this study, we can conclude that 3D printed materials 
in this study are more color stable that the heat-polymerized Lucitone 199. In regards to 
microhardness, 3D printed materials except for Lucitone Digital Print have higher 
microhardness values than heat-polymerized materials. Although Lucitone 199 had a 
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smoother surface as prepared, the 3D printed materials in this study maintained their 
roughness values throughout the study, whereas Lucitone 199 showed a significant 
increase in roughness. The properties of 3D printed materials show a promising future for 
their use in treating edentulous patients. Although there are limitations to this study, it is 
safe to say that denture cleansers are safe to use with 3D printed dentures as long as the 
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Chapter 1: INTRODUCTION 
1.1 Background 
Despite a decline in edentulism over the past decade, there has alternatively been 
an increase in edentulous patients due to an increase in life expectancy with improvements 
in healthcare (1-4). Although there are several treatment options for such patients involving 
implant supported fixed prosthesis, there is still a large population of patients who rely on 
wearing conventional complete dentures due to financial limitations to reduce cost, 
anatomical limitations in case of lack of bone, and medical limitations in case of certain 
conditions or medications that result in contraindications to surgery. (2, 5, 6) Therefore, it 
is important to ensure optimal oral rehabilitation in edentulous patients in order to aim in 
restoring the lost oral function which has a detrimental impact on the Oral Health Quality 
of Life (2, 3, 7).  
1.2 Polymethylmethacrylate 
Ever since Walter Wright introduced polymethylmethacrylate (PMMA) in 1936 as 
a material to be used for removable complete denture fabrication, it has been the material 
of choice due to its favorable working characteristics, acceptable physical and esthetic 
properties, ease of fabrication and cost-effectiveness(5, 6, 8). Although PMMA has been 
in use for several years, its use does not preclude its faults when it comes to processing, 
porosity, poor fracture strength, dimensional instability, poor color stability, and 
biocompatibility such as allergenic reactions (2, 8-10). In order to overcome the 
mechanical limitations of heat-cured PMMA, there have been additions of rubber and fiber 
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reinforcements in the past. However, the flexural strength of these materials is still not 
optimal (10-12)  
Methyl esters of methacrylic acid are the basic modules of PMMA, but many other 
components are also contained in acrylics used for prosthetic dentistry (13). Most PMMA 
derived denture acrylics are either heat-polymerized or chemical auto-polymerized 
acrylics. Light-polymerized acrylics only have partial derivatives of PMMA (14). Heat-
polymerized materials, heat generated by a hot water bath or microwave energy sets off the 
polymerization reaction, whereas auto-polymerized materials require a chemical activator 
like N,N-dimethyl p-toluidine (15). Decomposition of the initiator (mainly dibenzoyl 
peroxide) into radicals under heat, initiates the setting of heat-polymerizing products while 
auto-polymerizing materials require an accelerator, such as a tertiary amine, sulfinic acid, 
or substituted barbituric acid (16).  
Residual monomer has been a recognized problem with PMMA derived materials. 
Regarding leaching of elutes from PMMA resins, two aspects are of particular importance: 
monomer–polymer conversion and residual monomer content. The rate of monomer–
polymer conversion indicates the number of unsaturated double bonds converting to 
saturated single bonds during polymerization (13). In general, heat-polymerized PMMA 
contains significantly fewer residual monomers than chemically cured acrylic resin (17).  
 The method of polymerization of PMMA can significantly affect its mechanical 
and physical properties. According to a metanalysis by  Limirio et al., conventionally 
fabricated heat-polymerized PMM had significantly lower flexural strength values than 
CAD/CAM PMMA materials (18). According to a study by Diaz-Arnold et al., Lucitone 
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199 heat-polymerized PMMA had an average fracture force of 137.14 N (19). Limirio et 
al. also indicated that several studies found a less favorable surface quality in terms of 
surface roughness and hardness in heat polymerized PMMA compared to CAD/CAM 
PMMA materials (18).  
In order to have a successful rehabilitation of an edentulous patient, there are certain 
qualities that need to be met for a denture to end up with satisfactory treatment results. 
Since a large population of denture wearers exhibit decreased salivation and poor oral 
hygiene, there is a high chance of plaque and bacteria colonization(20). Additionally, with 
continuous surface abrasion due to cleaning mechanisms, eating, and daily use, having a 
smooth, intact resin surface is essential to avoid plaque accumulation and potential candida 
infections (20, 21). According to in vivo studies, it has been determined an average surface 
roughness (Ra) of a material should not exceed 0.2µm (22, 23) It has been reiterated in 
several studies that acrylic resin surfaces with increased roughness are significantly more 
susceptible to bacteria and plaque adhesion (24-26)  
With denture wearing patients being limited in terms of their manual dexterity, 
having high strength is important to prevent breakage in case of accidents or mishandling. 
(8, 27). There have been previous studies analyzing the effect of adding fibers to improve 
mechanical strength to PMMA, however no clear conclusion in improvements have been 
found (27). 
Since denture resin aims to mimic the oral mucosa, it is an important physical 
property to be color stable and withstand color changes when exposed to various beverages 
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or color-altering solutions. Heat-polymerized PMMA has shown to undergo color changes 
with time and exposure to cleansers, beverages, food, and plaque accumulation (28-31). 
1.3 Development of Complete Dentures in Digital Dentistry 
Since the introduction of PMMA, new modalities for the fabrication of dentures 
have been introduced as digital dentistry has become a major lead in dentistry. These 
techniques including computer aided design and computer aided manufacturing, known as 
CAD CAM, milled dentures and three dimensional (3D) printed ones that utilize urethane 
methacrylate derivatives (UDMA). 3D printing, also known as additive manufacturing, 
describes a process by which a product derived from a computer-aided design (CAD) is 
built in a layer-by-layer manner (32, 33). With its ability to print customized objects, its 
application in the dental field has greatly increased(34).  
Most offices are currently using milling technology to create definitive restorations 
and 3D printing, also known as rapid prototyping, as interim dentures or for denture 
evaluation steps. An issue with milling is the waste of excessive material since it is a 
subtractive technique, whereas 3D printing uses less resin, making it a more cost-friendly 
and a less wasteful alternative with promising results (9, 35).  
In 1994 Maeda et al. first used the 3D laser lithography technique of a computer 
aided system to design and fabricate a complete denture (36). Ever since then, CAD 
CAM has developed and with several improvements it has become more widespread as it 
reduces chairside time and reduces manufacturing costs and lab fees in the long term(9). 
Nowadays, 3D printing is considered a revolutionary aspect in restorative dentistry with 
efficient, accurate and customizable options for each patient(34). Generally fabricating a 
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conventional denture base is relatively cumbersome, since quite a few steps have to be 
executed by professional technicians in a dental laboratory(37). Relying on computer-
aided treatment for fabricating complete dentures will significantly reduce patient visits 
and minimize laboratory steps and chairside time (38). It was reported that denture 
manufacturing through 3D printing had a greater retentive effect and probably due to its 
better border sealing and more uniform pressurization(39, 40).  
1.4 Types of Additive Manufacturing 
There are seven different types of additive manufacturing with the four main ones 
for printing polymers in dental applications being: stereolithography (SLA), digital light 
processing (DLP), material jetting (MJ), and material extrusion (ME) (41).  
1.4.1 Stereolithography (SLA) Printing 
In 1986, SLA was introduced by Chuck W. Hull. This method involves the building 
platform to be immersed in a liquid resin polymerized by an ultraviolet (UV) laser. SLA 
3D printers use light-reactive thermoset resins. When SLA resins are exposed to certain 
wavelengths of light produced by a laser, polymerization occurs. Each layer is formed by 
the laser drawing a cross-section of the final object. After the layer is polymerized, the 
building platform descends by a distance equal to the layer thickness, allowing uncured 
resin to cover the previous layer. This process is repeated a number of times until the 
printed object is built (41, 42). 
1.4.2 Digital Light Processing/ Continuous Liquid Interface Projection 
Following SLA, Larry Hornbeck developed DLP which is quite similar to the idea 
behind SLA. The main difference between the two processes is the light source, where the 
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image is created by an arc lamp or by microscopically small mirrors laid out in a matrix on 
a semiconductor chip, known as a digital micromirror device (DMD). The mirrors 
represent the pixels of the image of the object to be printed, so the number if mirrors will 
determine the resolution of the projected image and in turn the object. The image of the 3D 
model is displayed by the DLP projector onto the liquid photopolymer. 
As a sequence of UV images are projected, the part solidifies and the build 
platform rises, in which the printed object is pulled up rather than going down into the 
resin (43). A modified version of this technique was developed called continuous liquid 
interface projection (CLIP) that utilizes a bottom-up building approach just like DLP. 
Part of the pool bottom is transparent to ultraviolet light, known as the "window". An 
ultraviolet light beam shines through the window, illuminating the precise cross-section 
of the object.  This is facilitated through a well-controlled oxygen-containing “dead 
zone,” a thin uncured liquid layer between the window and the cured part surface.(44). A 
continuous series of UV images are projected through this dead zone below a liquid resin 
bath. The dead zone helps to maintain a liquid interface below the printed part. As the 
object is being printed and actively drawn out above the dead one, a suction-like force 
allows new resin to continue flowing beneath it (45). 
1.5 Implications of SLA and DLP/CLIP Printing Techniques 
The resins used in SLA and DLP/CLIP printing need to be of low to medium 
viscosity to allow the curing process to occur. The mechanical strength of printed materials 
is ultimately limited by the viscosity regulations. However, since the photopolymerization 
of each new layer is intimately connected with the prior layer, this leads to good strength 
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and minimal anisotropy in the structure and properties of SLA printed parts. In regards to 
the resins used in CLIP printing, the rate of replenishing of the resin into the oxygen 
permeable dead-zone affects the initiation efficiency and the resin reactivity which all 
combine to determine the rate at which the part can be formed in continuous rather than 
layer-by-layer fashion(44). 
1.6 Importance of Denture Cleansers  
Maintaining a clean denture is of utmost importance for denture wearing patients, 
as it greatly impacts the health of the underlying mucosa. An improperly maintained 
denture can result in oral health problems including denture stomatitis and oral candidiasis. 
These microorganisms may also serve as reservoirs for disseminated infections leading to 
gastrointestinal and pulmonary involvement. Therefore, cleansing and disinfecting of 
dentures are essential for the maintenance of oral soft tissue health (26, 46).  
1.7 Types of Denture Cleansers 
Denture cleansers can be divided into two major categories, mechanical and 
chemical cleansers (31). Ideally a denture cleanser should be able to effectively remove 
organic and inorganic debris such as mucin, calculus and stains; be easy to use; have 
bactericidal and fungicidal properties; all while being compatible with the denture material 
(31, 47).   
1.7.1 Mechanical Cleansers 
 Mechanical cleansers come in the form of brushing, abrasive pastes and powders, 
and ultrasonic agitation.  
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Brushing is a common practice used by patients in which a denture brush is used to 
remove surface buildup. This technique is used simultaneously with water or soap. The 
abrasiveness of this technique increases with the diameter of the bristles and decreases with 
the length of the bristles (48).  
Most pastes used to clean dentures are quite abrasive and lead to damage of the 
denture base and acrylic teeth when used. They usually consist of insoluble calcium 
carbonate or sodium bicarbonate which is a less abrasive alternative (30). Toothpastes 
containing cholorform end up causing severe wear to the acrylic and therefore should not 
be used to clean dentures (48). 
Ultrasonic cleaning of dentures is another way to mechanically debride the acrylic 
surface. Used alone it is not effective in removing bacteria, however if used in conjunction 
with a disinfecting solution, they can help eliminate surface plaque and bacteria effectively 
without affecting the integrity of the denture acrylic (48).  
1.7.2 Chemical Cleansers 
Chemical cleansers can be categorized into the following groups based on the mode of 
action or the main components of cleansers: hypochlorites, peroxides, neutral peroxides 
with enzymes, enzymes, acids, crude drugs and mouth rinses (49-51).   
 Hypochlorites work by means of dissolving the organic matrix along with the 
mucin and albuminoids that calculus adheres to which can be then brushed off. This can 
help inhibit the formation of calculus, but does not remove it. They do provide effective 
disinfection from bacterial colonization, however they are mainly used for stain removal 
as they possess a bleaching property. However, with long term use, there can be a 
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potentially unwanted whitening effect that may affect the pink color of the denture base 
(47, 52). For such reasons they are not widely recommended. 
 Oxygen liberating peroxide-based cleansers are made from sodium perborate or 
percarbonate along with an alkaline detergent such as tricalcium phosphate. Although the 
newer types of these cleansers are less alkaline, they do have oxidizing agents that are 
added to help remove stains and clean the denture. The effective removal of plaque and 
microorganisms by using this type of denture cleanser has shown to reduce the chance of 
introducing mucosal inflammation and infection. Most of these cleansers come in the form 
of a tablet that is dissolved in water for the denture to soak in. Since this method cannot 
remove heavily accumulated calculus, it is recommended for daily use and regularly 
cleaned dentures (30). Due to the plasticizing effect, use of these cleansers can result in a 
whitening effect (53).  
Enzymes in the form of protease, mutanase, and dextranase work as denture 
cleansers by breaking down the proteins and polysaccharides respectively that constitute 
plaque built up on denture surfaces. Such cleansers come in the form of water soluble 
tablets to create a solution in which the denture can be immersed in. It has been shown that 
such cleansers are effective in removing plaque buildup accumulated on dentures (30, 48). 
1.8 Statement of Problem  
Although chemical cleansers are an efficient method of preventing plaque 
accumulation and colonization of candida species, their daily use in a denture cleaning 
regimen can have an effect on the integrity of the denture base (49, 51). While there have 
been studies considering the effect of denture cleansers on the properties of denture bases 
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made from heat-polymerized and cold-cure resins, there have been insufficient studies 
analyzing their effect on 3D printed denture resins (6, 49, 50, 54-60). In this study, SLA 
and DLP/CLIP is utilized by the Formlabs Form 3 3D printer and Carbon 3D printer 
respectively to print the specimens. Since 3D printed dentures are relatively new on the 
market and have been gaining popularity among treatment modalities clinicians are using 
to treat edentulous patients, it is important to test the effects of denture cleansers on these 
materials.  
1.9 Objectives of Study 
The objectives of this study are to assess the effect of denture cleansers on the 
mechanical and optical properties such as color stability, surface hardness, surface 
roughness, and biaxial flexural strength of the 3D printed dentures in comparison to 
conventionally manufactured dentures that use compression molded heat polymerized 
acrylic resins. 
1.10 Null Hypothesis 
The null hypotheses of the study are that no differences would be found between 
the mechanical and optical properties of 3D printed PMMA and conventional heat-






Chapter 2: MATERIALS AND METHOD 
2.1 Materials 
 Three 3D printed denture resins; Lucitone Digital Print (Dentsply Sirona, York, PA 
USA), DENTCA Denture Base II (DENTCA, Inc., Torrance, CA, USA), Formlabs 
Denture Base Resin (Formlabs, Sommerville, MA, USA), and one heat polymerized 
denture resin; Lucitone 199 Denture Base Resin (Dentsply Sirona, York, PA, USA), were 
used in this study. These denture resins were exposed to different denture cleansing 
solutions including; Polident (GSK, Brentford, UK), Efferdent (Prestige Consumer 
Healthcare, Inc., Greenburgh, NY, USA), Ajax Dish Soap (Colgate-Palmolive, New York, 
NY, USA), and distilled water as a control (Figure 1). The details of the material 




Table 1: Denture resins used in this study 



































































Table 2: Denture cleansers used in this study 
Code Commercial Name Type Composition Manufacturer 
P Polident Cleanser 
• Sodium Bicarbonate 
• Citric Acid 
• Potassium Caroate 
(Potassium 
Monopersulfate) 
• Sodium Carbonate 
• Sodium Carbonate 
Peroxide 
• TAED 
• Sodium Benzoate 
• PEG-180 
• Sodium Lauryl Sulfate 
• VP/VA Copolymer 
• Aroma 
• Subtilisin 
• Cellulose Gum 
• CI 42090 
• CI 73015 
• CI 19140 
GSK, Brentford, 
UK 
E Efferdent Cleanser 
• Sodium Bicarbonate  
• Citric Acid 
• Sodium Perborate 









S Ajax Soap Cleanser 
• Water 
• Ammonium C12-15 
Pareth Sulfate  
• Lauramidopropylamine 
Oxide 
• SD Alcohol 3-A 
• Sodium Chloride  





York, NY, USA 
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• Pentasodium Pentatate  
• Sodium Bisulfate 
• Dyes 













Figure 1: Reagents used for denture cleaning treatment (A) Polident cleanser, (B) 





A C B 
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2.2 Method 
2.2.1 Specimen Preparation 
A total of 216 specimens were fabricated from three different 3D printed denture 
resins; Lucitone Digital Print, DENTCA Denture Base II, Formlabs Denture Base Resin 
and one heat polymerized denture resin; Lucitone 199 Denture Base Resin. These 
specimens were soaked in distilled water (control) and three denture cleansers (Polident; 
Efferdent and Ajax Dish Soap) to test their effect on color stability, surface hardness, 
surface roughness, and flexural strength. 
2.2.2.1 Fabrication of 3D Printed Specimens 
Fifty-four specimens of each denture resin material were fabricated to test for each 
denture cleanser group according to the type of material (3D printed or conventional heat 
cured resin). The 3D printed denture resins were fabricated by designing discs with the 
dimensions of 2mm thickness and 12mm diameter on Blender (Blender Foundation, 
Amsterdam, Netherlands) and printing them on the corresponding 3D printer (Figure 2). 
Dentca DENTCA Denture Base II and Lucitone Digital Print were printed using the Carbon 
3D printer (Carbon Inc, Redwood City, CA, USA); and Formlabs Denture Base was printed 
using Formlabs Form 3 3D printer (Formlabs, Somerville, MA, USA). 
2.2.2.1.2 Lucitone Digital Print Specimens 
In order to print the Lucitone Digital Print specimens, the STL file containing the 
specimen design created on Blender was exported to the Carbon 3D printer software and 
arranged onto the printing platform to start printing. This printing platform allows for the 
specimens to be printed without any support bars, so they were arranged flat onto the 
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platform. For the print job, the resin tank was filled with 110 ml of Lucitone Digital Print 
resin liquid to utilize 16.1 ml of resin in total which was completed in approximately 10 
minutes (Figure 3).  
Once the Lucitone Digital Print specimens were removed from the printing 
platform, they are washed in a two-bath approach with 99% isopropyl alcohol (Lab Chem, 
Zelienople, PA, USA; Lot. No L018-29) each time. Using an ultrasonic bath, specimens 
are washed for 2 min (1st cycle) and cleaned with a brush to remove excess resin, followed 
by 1 min (2nd cycle) (Figure 4). Following washing, specimens are placed spread apart in 
the Dentsply Sirona inLab Processing Unit (Dentsply Sirona, York, PA, USA). Cure time 















2.2.2.1.3 DENTCA Denture Base II Specimens 
In order to print the DENTCA Denture Base II specimens, the STL file containing 
the specimen design created on Blender was exported to the Carbon 3D printer software 
and arranged onto the printing platform to start printing. This printing platform allows for 
the specimens to be printed without any support bars, so they were arranged flat onto the 
platform. For the print job, the resin tank was filled with 105 ml of DENTCA Denture Base 
II resin to utilize 12.1 mL of resin in total which was completed in approximately 12 
minutes and 24 seconds (Figure 6).  
 Once the DENTCA Denture Base II specimens were removed from the printing 
platform, they are washed in 99% isopropyl alcohol (Lab Chem, Zelienople, PA, USA; 
Lot. No L018-29) for 5 minutes in an orbital shaker. The specimens are then removed from 
the isopropyl alcohol and allowed to air dry for 10-15 minutes (Fig. 2.10). Following 
washing, specimens are placed in a vegetable glycerin bath (Glycerin Supplier, Houston, 
TX, USA; Lot No. 111620G01) and cured in the Dreve PCU LED machine (Dreve, Eden 







2.2.2.1.4 Formlabs Specimens 
In order to print the Formlabs Denture Base specimens, the STL file of the specimen 
created on Blender was loaded to the Preform software (Formlabs, Somerville, MA, USA) 
connected to a Form 3 3D printer (Formlabs, Somerville, MA, USA) and arranged onto the 
printing platform to start printing. Support bars were added to the specimens. For the print 
job, the resin cartridge was inserted into the printer machine and the printing process was 
completed in approximately 4 hours. (Figure 8). 
Once the specimens are removed from the printing platform, they are washed in a 
99% isopropyl alcohol solvent using the Form Wash machine (Formlabs, Somerville, MA, 
USA) for 10 minutes. Specimens are then placed in a glass container with glycerin that is 
preheated to 80 °C in the Form Cure machine (Formlabs, Somerville, MA, USA). 
Specimens are cured for 30 minutes. After the first 30-minute post-cure, they are flipped 

































Figure 9: (A) Specimens are washed in 99% isopropyl alcohol solvent for 10 minutes in 
the Form Wash machine, (B) specimens are placed in a vegetable glycerin bath that is 
preheated to 80 °C in the Form Cure machine, (C) specimens are cured for 30 minutes 





2.2.2.2 Fabrication of Heat Polymerized Specimens 
 In order to fabricate the Lucitone 199 specimens, aluminum molds were created by 
punching out 12mm x 2 mm disc shapes. The powder and liquid were mixed according to 
the manufacturer’s instructions at a 1:3 ratio and left to rest for 8 minutes until the resin 
reached a doughy stage. Meanwhile, the aluminum molds were lubricated with Vaseline 
(Unilever, London, UK). Once the resin was at a doughy stage, it was packed into the 
aluminum molds which were each placed in between two solid aluminum slabs and 
pressurized at 100 kPa using the Mestra hydraulic press (SL Mestra, Spain) to ensure 
adequate packing, remove excess acrylic, and reduce the occurrence of voids in the 
specimens. The molds were placed under pressure in a denture flask holder and then placed 
in the Nevin Denture Curing Unit 4900 (Nevin Laboratories, Chicago, IL, USA) at 165°F 
for 9 hours. (Figure 10) 
 All specimens were checked visually to ensure there was no presence of 








2.2.2.3 Polishing of Specimens 
 Following fabrication of all the specimens from the four different types of resins, 
all 216 specimens underwent polishing in order to achieve a smooth, uniform surface 
texture devoid of imperfections. Both surfaces of each specimen were polished using the 
Ecomet 250 Pro Grinder/Polisher (Buehler, MA, USA) under 10 N constant load with 
graded diamond grit discs starting from 45 µm for 30 seconds, followed by 15 µm for 30 
seconds, and up to 1 µm along with the Hi-Purity Deagglomerated alumina suspension 














Figure 11: Specimens are polished using the Ecomet 250 Pro 
Grinder/Polisher. 
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2.2.3 Experimental Design 
 A total of two hundred sixteen specimens consisting of fifty-four specimens of each 
type of denture resin were prepared as discs measuring 12mm in diameter and 2mm in 
thickness. Ten randomly selected specimens of each denture resin type were put aside to 
undergo baseline biaxial flexural strength testing. The remainder forty-four specimens of 
each resin type were divided into four groups (n=11) according to the four different denture 
cleansers or solutions they will be immersed in (distilled water, Efferdent, Polident, or soap 
and water solution). One specimen of each group was used for surface hardness testing and 
the other ten specimens were used for surface roughness, color stability, and ultimately 
biaxial flexural strength testing. The specimens were then each labelled according to their 
denture cleanser or solution group and sequence number. The layout of the experiment 
design is shown in the diagram in Figure 12. 
Specimens were numbered and placed into a specimen holder made with Exaflex 
Putty (GC America Inc., Alsip, IL, USA) to facilitate handling and allow even distribution 
of the solutions on the specimen surfaces (Figure 13). The specimens were then placed into 
their categorical test tube labelled with the correct group code and filled with 40 mL of 
distilled water and stored in the incubator set at 37°C in between denture cleanser or 
solution exposure to simulate the oral cavity. After the soaking solution immersion, the 
specimens were taken out of the solutions, rinsed under running water and air-dried for 10 
seconds. The specimens were then immersed in either distilled water for 15 mins;  
Efferdent for 15 minutes; Polident for 3 minutes, or soap and water solution for 15 minutes 
as recommended by the manufacturer’s instructions. Denture cleansers were prepared as 
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indicated by the manufacturer to mimic the correct concentration of denture cleanser the 
specimens are exposed to. Following denture cleanser or solution exposure, the specimens 
are then again rinsed off and placed back into their corresponding test tubes that are refilled 












2.2.4 Testing Methods 
2.2.4.1 Color Stability 
The color stability of the different types of denture resins were tested to determine 
the resistance to color change after being exposed to the various denture cleansers for the 
recommended time according to manufacturer’s instructions totaling an immersion time 
the equivalent of six months. Color measurements were taken using the Ci7600 Benchtop 
Spectrophotometer (X-rite, Grand Rapids, MI, USA) against a 50% gray background using 
the CIE L*a*b* color system which was developed by the International Commission on 
Illumination.  It expresses color as three values: L* for the lightness from black (0) to white 
(100), a* from green (−) to red (+), and b* from blue (−) to yellow (+). A 6mm aperture 
was used during testing and calibration was done using the white and black calibration 
discs before each reading interval (Figure 14). A baseline color measurement was taken for 
each of the specimens before being exposed to the different denture cleansers (Fig. 2.20). 
Another color measurement was taken for each specimen after being exposed to the denture 
cleansers at the 8th, 12th and 28th cycles in order to compare the measurements and assess 
the color stability of the specimens. The following equation was used to calculate DE*. 







The Vickers Hardness test was used to analyze the surface hardness of the different 
specimens. The specimens used for this test were embedded in an epoxy resin mold to be 
able to be stabilized on the machine platform for an accurate reading. EpoxiCure 2 Epoxy 
Resin (Buehler, Lake Bluff, IL, USA) was mixed with EpoxiCure 2 Epoxy Hardener 
(Buehler, Lake Bluff, IL, USA) and poured into molds each containing a specimen of the 
different denture resins of each group to be tested (Figure 16). Specimens were mounted 
onto the stage of the Microhardness Tester (Micromet 2003, Buehler Ltd, Lake Bluff, 
Illinois, USA) and tested with a 25-gf load for 30 seconds (Figure 17).  
The measurements were obtained by measuring the diagonal lengths of the 
indentations on the material surface in micrometers which calculates the Vickers hardness 
number using the machine’s software. The average strain under the indenter is a constant 
regardless of indentation depth for a sharp geometrically self-similar indenter, and thus 
when the total strain is fixed for sharp indenter, the amount of plastic strain decreases as 
the yield strain increases (Figure 18) (61). Seven readings of the Vickers hardness values 


























Figure 18: Contact morphology of Vickers indentation: (a) top side view 
and (b) cross-sectional view. 
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2.2.4.3 Surface Roughness 
The surface roughness of the specimens was measured using a profilometer (SJ-201P, 
Mitutoyo Corp, Kawasaki, Japan), at a 0.4-gf load for 5 seconds, where a stylus traverses 
the surface, producing an amplified trace of the profile. Using double sided tape, each 
specimen tested was fixed on the profilometer measuring table to record three readings 
4.0 mm in length with a cutoff value of 0.8 mm at a speed of 0.1 mm/s in the regions 
corresponding to the marks of the specimens (Figure 19). The roughness of each 
specimen was calculated by the arithmetic mean of three measurements (μm). The 
alteration in surface roughness (∆Ra) is obtained by the difference between the roughness 










Figure 19: Each specimen is stabilized with double-sided tape onto the 
reading platform of the profilometer to obtain surface roughness 
readings 
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2.2.4.4 Biaxial Flexural Strength 
The biaxial flexural strength of the specimens was obtained by performing a biaxial 
flexural strength test using the Universal Testing Machine (Instron 5566A; Instron, 
Norwood, MA, USA). The specimens (2mm thickness and 12 mm diameter) were marked 
in the center and placed on a 5mm support radium supported by three symmetrically spaced 
round tip steel rods. The 0.8 mm diameter semispherical-headed piston was lined up in the 
center of the specimen at a crosshead speed of 1 mm/min (Figure 20). To obtain baseline 
measurements, ten specimens from each type of denture resin were stored in distilled water 
for 24 hours, then air dried before testing. Following exposure to the denture cleanser 










Figure 20: The specimens were mounted on a ball-on-three-ball biaxial 





Chapter 3: RESULTS 
3.1 Color Stability  
The mean color changes (DE*) compared to the baseline for each specimen group at 
each cycle interval (8, 16, and 28 cycles) after being exposed to the different treatment 
solutions were calculated and represented in the table shown below (Table 4). The Tukey 
HSD test was conducted to determine the statistical difference between denture resin 
materials, solution treatments, treatment cycles and the interaction between these variables. 
Linear regression tests showed that there was a significant difference in color change 
between materials (P value=0.0000), as well as in color change between interactions of the 
material and treatment (P value=0.0139); however, DE* was insignificant between 
different treatments (P=0.05655) as shown in table 3.2. Overall, Lucitone 199 specimens 
displayed the most significant DE* among the rest of the materials over the course of 28 
cycles. Lucitone Digital Print specimens showed the second highest DE*, followed by 
DENTCA specimens, and lastly Formlabs specimens.  
The interaction between the material and treatment effect showed the DE* changed less 
significantly for specimens treated in Efferdent and Polident compared to those specimens 
treated in water and dish soap. In regards to the DENTCA specimens, those treated with 
Efferdent showed a significant difference in DE* compared to those treated with Polident, 
water, and dish soap (P value = 0.0305) (Table 5, Table 6, Table 7, Table 8, Figure 23, 
Figure 24, Figure 25). 
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Table 4: Summary table of the mean, standard deviation, and coefficient of variance of the DE of different materials exposed to 
different treatment solutions at each cycle interval 
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   ΔE*-8 ΔE*-16 ΔE*-28 
Material Treatment N Mean Std Dev CV Mean Std Dev CV Mean Std Dev CV 
Dentca Dish soap 10 0.373 0.244 65.43 0.591 0.326 55.17 0.606 0.472 77.81 
  Efferdent 10 0.383 0.162 42.26 0.343 0.199 57.89 0.404 0.250 61.98 
  Polident 10 0.508 0.316 62.23 0.387 0.219 56.62 0.872 0.601 68.91 
  Water 10 0.426 0.155 36.52 0.418 0.159 37.98 0.483 0.261 54.06 
Formlabs Dish soap 10 0.617 0.229 37.04 0.506 0.231 45.72 0.526 0.378 71.95 
  Efferdent 10 0.502 0.227 45.08 0.387 0.238 61.35 0.664 0.839 126.51 
  Polident 10 0.445 0.145 32.66 0.532 0.227 42.63 0.436 0.274 62.84 
  Water 10 0.613 0.192 31.27 0.722 0.256 35.51 0.528 0.266 50.49 
Lucitone 199 Dish soap 10 1.077 0.424 39.41 1.424 0.886 62.20 3.059 1.089 35.59 
  Efferdent 10 0.801 0.643 80.21 1.272 0.689 54.19 1.815 1.670 92.01 
  Polident 10 0.908 0.353 38.85 1.538 0.741 48.15 1.669 1.475 88.32 
  Water 10 1.133 0.483 42.63 1.629 0.629 38.61 3.303 2.057 62.28 
Lucitone Digital Dish soap 10 0.442 0.222 50.14 0.801 0.337 42.13 1.652 0.326 19.73 
  Efferdent 10 0.537 0.334 62.12 0.633 0.506 79.88 1.268 0.373 29.41 
  Polident 10 0.331 0.108 32.56 0.685 0.235 34.36 1.326 0.494 37.27 
  Water 10 0.668 0.316 47.36 0.649 0.276 42.55 1.424 0.426 29.91 
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 Table 5: Effect summary table of the material, treatment and material and treatment 
effect on change in color 
 
 








Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Material 3 3 97.476429 40.7464 <.0001* 
Treatment 3 3 6.150675 2.5711 0.0565 
Material*Treatment 9 9 17.331312 2.4149 0.0139* 
Level Connecting Letters Least Sq Mean 
Lucitone 199 A   2.46 
Lucitone Digital  B  1.42 
Dentca   C 0.59 
Formlabs   C 0.54 
Level Connecting Letters Least Sq Mean 
Dish soap A 1.46 
Water A 1.4 
Polident A 1.07 




To eliminate the masking of the pool data, the MANOVA Fit test was performed 
to reveal a statistically significant amount of variance in the DE* of the different resin 
materials with a P value<0.0001, as well as in the DE* based on the exposure of the of the 
different resin materials to different treatment solutions with a P value of 0.0305 (Table 9). 
This change in color of the specimens is represented in Figure 26 and Error! Reference s
ource not found.. 
Although the MANOVA test revealed a significant difference in DE* values amongst 
exposure to different treatment solutions, clinically it may be insignificant. For Lucitone 
199, Lucitone Digital Print, and DENTCA Denture Base II, there was a small and slow 
progression of color change initially between DE*8 and DE*16, however, there was a 
greater change during the last interval between DE*16 and DE*28. The color of the 
Formlabs specimens remained stable throughout the treatment cycles and showed almost 
no change in between DE*8 and DE*16 and between DE*16 and DE*28. 
Table 9: Effect summary table of the linear regression model obtained from MANOVA 
test 
Test Value Exact F NumDF DenDF Prob>F 
F Test 1.1807149 56.6743 3 144 <.0001* 









3.2 Microhardness  
The microhardness of each material exposed to each treatment solution was tested at 
baseline and at the 8th, 16th and 28th cycles of exposure. The mean Vicker’s microhardness 
values of each material treated with different solutions at the 8th, 16th, and 28th cycles are 
shown in the graph (Figure 28, Figure 29, Figure 30, Figure 31, Figure 32). The mean 
microhardness values for each specimen group at each cycle interval (8, 16, and 28 cycles) 
after being exposed to the different treatment solutions were calculated and represented in 
Table 10. Lucitone 199 and Lucitone Digital Print showed overall lower hardness values 
compared to the hardness values of Formlabs and DENTCA Denture Base II resins at 
baseline and continuously throughout the treatment cycles.  
The Tukey HSD test was performed to determine the statistical difference between 
denture resin materials, solution treatments, treatment cycles and the interaction between 
these variables.  Running the linear regression test revealed that the microhardness values 
were significant amongst materials (P value <0.0001), different cycles (P value <0.0001), 
the interaction between treatment and cycle (P value <0.0001), the interaction between 
material and cycle (P value <0.0001), and the interaction between material and treatment 








Table 10: Summary table of the mean, standard deviation, and coefficient of variance of the microhardness of different 
materials exposed to different treatment solutions at each cycle interval 
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 Vickers Hardness Value 
  Cycle 
  0 8 16 28 
Material Treatment N Mean Std Dev CV N Mean Std Dev CV N Mean Std Dev CV N Mean Std Dev CV 
Dentca Dish soap 7 18.17 1.06 5.84 7 18.86 2.13 11.27 7 15.94 0.63 3.93 7 16.27 0.39 2.40 
  Efferdent 7 18.19 0.92 5.07 7 21.17 3.38 15.98 7 16.16 0.66 4.09 7 15.99 0.88 5.48 
  Polident 7 18.21 0.64 3.49 7 17.87 2.23 12.48 7 16.07 0.82 5.08 7 16.19 0.38 2.38 
  Water 7 18.89 1.83 9.69 7 16.50 0.45 2.73 7 17.00 0.72 4.26 7 16.97 0.68 3.99 
Formlabs Dish soap 7 20.30 1.07 5.29 7 18.63 0.82 4.42 7 17.56 0.16 0.92 7 17.83 0.50 2.82 
  Efferdent 7 18.44 0.33 1.79 7 18.37 0.79 4.31 7 17.13 0.31 1.81 7 17.79 0.43 2.39 
  Polident 7 19.81 1.18 5.97 7 18.34 1.40 7.65 7 17.06 0.46 2.73 7 17.74 0.64 3.59 
  Water 7 20.23 1.08 5.36 7 18.13 0.94 5.20 7 17.61 0.13 0.76 7 17.76 0.55 3.10 
Lucitone 199 Dish soap 7 16.66 0.83 4.99 7 16.03 0.29 1.83 7 13.96 1.16 8.32 7 14.00 0.36 2.58 
  Efferdent 7 16.51 0.54 3.29 7 16.06 0.52 3.21 7 14.80 0.15 1.03 7 14.99 0.42 2.79 
  Polident 7 16.09 0.24 1.50 7 16.09 0.67 4.18 7 14.84 0.10 0.66 7 14.61 0.41 2.78 
  Water 7 16.14 0.60 3.73 7 15.40 0.45 2.95 7 15.81 0.17 1.06 7 15.69 0.50 3.22 
Lucitone Digital Dish soap 7 16.03 0.63 3.91 7 15.20 0.28 1.86 7 14.77 0.27 1.82 7 14.69 0.48 3.30 
  Efferdent 7 15.60 0.22 1.43 7 15.06 0.20 1.32 7 14.60 0.29 1.98 7 14.76 0.41 2.76 
  Polident 7 16.03 0.47 2.94 7 15.00 0.59 3.93 7 14.39 0.38 2.61 7 14.64 0.42 2.89 
  Water 7 15.13 0.73 4.82 7 14.36 0.95 6.62 7 15.17 0.28 1.85 7 15.04 0.26 1.71 
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Table 11: Effect summary table of the material, cycle, treatment and cycle, material 
treatment, and treatment effect on microhardness values 
 
Formlabs specimens showed the significantly highest microhardness values 
followed by DENTCA Denture Base II, and Lucitone 199 and Lucitone Digital Print (P 
value <0.0001) (Figure 33, Table 12). Throughout the treatment cycles, there was a 
significant drop in microhardness values between baseline and the 8th cycle as well as 
between the 8th cycle and 16th cycle (P value <0.0001). However, there was an insignificant 
change in microhardness amongst specimens between the 16th and 28th cycles (Figure 34, 
Table 13). When analyzing the effect of the interaction of the treatment and cycles, 
Efferdent, Polident, and dish soap treatments did not show any significant change in 
microhardness between the baseline and 8th cycles and between the 16th and 28th cycles, 
however they all showed a significant change in microhardness at the baseline and 8th 
cycles compared to the 16th and 28th cycles (P value <0.0001). However, for those 
specimens treated in water, there was only a significant change between the baseline and 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Material 3 3 284.02607 110.3712 <.0001* 
Treatment 3 3 5.32464 2.0691 0.1037 
Cycle 3 3 228.74935 88.8909 <.0001* 
Material*Treatment 9 9 20.21431 2.6184 0.0060* 
Material*Cycle 9 9 56.95502 7.3775 <.0001* 





Table 12: Summary of connecting letters report for microhardness values according to 
material 
 






Level Connecting Letters Least Sq Mean 
Formlabs A    19.69 
Dentca  B   18.36 
Lucitone 199   C  16.35 
Lucitone Digital    D 15.69 
Level Connecting Letters Least Sq Mean 
0 A   17.53 
8  B  16.94 
28   C 15.93 
16   C 15.80 
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 Table 14: Summary of connecting letters report for microhardness values according to 







Level Connecting Letters Least Sq Mean 
Dish soap,0 A     17.79 
Efferdent,8 A B    17.66 
Water,0 A B    17.59 
Polident,0 A B    17.53 
Efferdent,0 A B C   17.18 
Dish soap,8 A B C   17.18 
Polident,8  B C D  16.82 
Water,16   C D E 16.40 
Water,28   C D E 16.36 
Water,8    D E 16.09 
Efferdent,28     E 15.88 
Polident,28     E 15.79 
Dish soap,28     E 15.69 
Efferdent,16     E 15.67 
Polident,16     E 15.58 
Dish soap,16     E 15.56 
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Table 15: Summary of connecting letters report for microhardness values according to 






Level Connecting Letters Least Sq Mean 
Formlabs,0 A      19.69 
Dentca,8  B     18.60 
Formlabs,8  B     18.37 
Dentca,0  B     18.36 
Formlabs,28  B C    17.78 
Formlabs,16   C    17.34 
Dentca,28    D   16.35 
Lucitone 199,0    D   16.35 
Dentca,16    D   16.29 
Lucitone 199,8    D   15.89 
Lucitone Digital,0    D E  15.69 
Lucitone Digital,8     E F 14.90 
Lucitone 199,16     E F 14.85 
Lucitone 199,28      F 14.82 
Lucitone Digital,28      F 14.78 
Lucitone Digital,16      F 14.73 
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Table 16: Summary of connecting letters report for microhardness values according to 





Level Connecting Letters Least Sq Mean 
Formlabs,Dish soap A      20.24 
Formlabs,Water A B     19.84 
Formlabs,Polident A B C    19.76 
Formlabs,Efferdent  B C D   18.94 
Dentca,Dish soap  B C D   18.53 
Dentca,Efferdent   C D   18.45 
Dentca,Water    D   18.31 
Dentca,Polident    D   18.17 
Lucitone 199,Water     E  16.64 
Lucitone 199,Polident     E F 16.40 
Lucitone 199,Dish soap     E F 16.29 
Lucitone Digital,Dish soap     E F 16.09 
Lucitone 199,Efferdent     E F 16.07 
Lucitone Digital,Polident     E F 15.80 
Lucitone Digital,Water     E F 15.59 
Lucitone Digital,Efferdent      F 15.28 
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3.3 Surface Roughness  
The average surface roughness (Ra) values of each material exposed to each treatment 
solution tested at baseline and at the 8th, 16th and 28th cycles of exposure are represented 
graphically in Figure 39, Figure 40, Figure 41, Figure 42, and Figure 43. The mean surface 
roughness values for each specimen group at each cycle interval (8, 16, and 28 cycles) after 
being exposed to the different treatment solutions were calculated and represented in Table 
18. At baseline, Formlabs showed the roughest surface followed by DENTCA Denture 
Base II, and then Lucitone Digital Print. Lucitone 199 specimens presented the smoothest 
surface. However, with increased treatment cycles, Lucitone 199 had the greatest increase 
in roughness.  
The Tukey HSD test was performed to determine the statistical difference between 
denture resin materials, solution treatments, treatment cycles and the interaction between 
these variables.  Running the linear regression test revealed that the surface roughness 
values were significant amongst different cycles (P value <0.0001), materials (P value 
<0.0001), the interaction between material and treatment (P value <0.0001), the interaction 
between material and cycle (P value <0.0001), and the interaction between treatment and 
cycle (P value <0.0001). However, surface roughness values were not significant amongst 








Table 18: Summary table of the mean, standard deviation, and coefficient of variance of the surface roughness of different 
materials exposed to different treatment solutions at each cycle interval 
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 Ra, um 
  Cycle 
  0 8 16 28 
Material Treatment Group 
Code 
N Mean Std 
Dev 
CV N Mean Std 
Dev 
CV N Mean Std 
Dev 
CV N Mean Std 
Dev 
CV 
Dentca Dish soap DWS 30 0.121 0.037 30.64 30 0.167 0.075 45.12 30 0.176 0.039 22.11 30 0.185 0.043 23.23 
  Efferdent DWE 30 0.140 0.038 27.21 30 0.167 0.046 27.32 30 0.161 0.024 15.07 30 0.192 0.046 24.03 
  Polident DWP 30 0.134 0.038 28.64 30 0.159 0.054 34.02 30 0.165 0.037 22.43 30 0.179 0.036 19.92 
  Water DWW 30 0.104 0.026 24.75 30 0.130 0.043 33.43 30 0.120 0.023 19.19 30 0.128 0.026 20.57 
Formlabs Dish soap FWS 30 0.200 0.062 30.99 30 0.199 0.058 29.13 30 0.207 0.035 16.98 30 0.218 0.038 17.39 
  Efferdent FEW 30 0.197 0.059 29.87 30 0.227 0.083 36.38 30 0.237 0.063 26.62 30 0.238 0.059 24.91 
  Polident FWP 30 0.177 0.062 35.18 30 0.219 0.074 33.52 30 0.218 0.049 22.60 30 0.219 0.056 25.36 
  Water FWW 30 0.189 0.051 27.07 30 0.221 0.083 37.82 30 0.226 0.059 26.22 30 0.218 0.062 28.64 
Lucitone 
199 
Dish soap HWS 30 0.086 0.044 51.40 30 0.145 0.073 50.44 30 0.125 0.054 42.84 30 0.166 0.042 25.19 
  Efferdent HWE 30 0.085 0.045 53.10 30 0.205 0.095 46.36 30 0.217 0.088 40.75 30 0.276 0.063 22.80 
  Polident HWP 30 0.072 0.035 49.31 30 0.155 0.088 56.47 30 0.230 0.090 39.24 30 0.310 0.061 19.58 
  Water HWW 30 0.056 0.034 60.53 30 0.102 0.053 52.44 30 0.068 0.045 66.46 30 0.163 0.033 20.10 
Lucitone 
Digital 
Dish soap LWS 30 0.114 0.038 33.26 30 0.141 0.040 28.49 30 0.138 0.029 20.98 30 0.139 0.036 26.18 
  Efferdent LWE 30 0.117 0.033 28.58 30 0.122 0.043 35.53 30 0.147 0.023 15.43 30 0.141 0.036 25.66 
  Polident LWP 30 0.127 0.031 24.56 30 0.155 0.044 28.44 30 0.162 0.025 15.67 30 0.168 0.044 26.16 
  Water LWW 30 0.137 0.029 20.92 30 0.156 0.037 23.96 30 0.161 0.027 16.98 30 0.151 0.028 18.35 
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Table 19: Effect summary table of the material, cycle, treatment and cycle, material and 
cycle, material and treatment, and treatment effect on surface roughness values 
Formlabs specimens showed the roughest surface followed by DENTCA Denture 
Base II and Lucitone Digital Print, with Lucitone 199 having the smoothest surface (P 
value <0.0001) (Figure 44, Table 20). When comparing the effect of the different 
treatments on surface roughness, there was an insignificant finding between them (P 
value=0.2727) (Figure 45, Table 21) With increased treatment cycles, the surface 
roughness increased significantly between the baseline and 8th cycle, and then again 
between the 16th and 28th cycle (P value <0.0001). However, there was an insignificant 
change in surface roughness between the 8th and 16th cycles (Figure 46, Table 22). 
Although the 3D printed materials started out initially with a higher surface roughness than 
Lucitone 199 specimens, the surface roughness did not increase. The Lucitone 199 
specimens started off with the smoothest surface, however when exposed to the treatment 
cycles of Efferdent and Polident, they significantly increased in roughness (P value 
<0.0001). Their exposure to water and dish soap had an insignificant effect on surface 
roughness (P value=0.2727) (Figure 47, Table 23).  Upon analyzing the effect of the 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Material 3 3 0.8150917 98.1865 <.0001* 
Treatment 3 3 0.0107950 1.3004 0.2727 
Cycle 3 3 1.0488660 126.3471 <.0001* 
Material*Treatment 9 9 0.6746635 27.0901 <.0001* 
Material*Cycle 9 9 0.6548502 26.2946 <.0001* 
Treatment*Cycle 9 9 0.1354894 5.4404 <.0001* 
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interaction of the material and cycles, Formlabs had a significant increase in roughness 
between the baseline and 8th cycle measurements (P value <0.0001). Following the 8th 
treatment cycle, there was an insignificant increase in surface roughness. In regards to 
DENTCA Denture Base II specimens, there was a significant increase in surface roughness 
between baseline and the 8th cycle and then again between the 16th and 28th cycles. There 
was an insignificant change in roughness between the 8th and 16th cycles. The Lucitone 
Digital Print specimens had a significant change in roughness between the baseline, 8th and 
16th cycles (P value <0.0001), but an insignificant change in roughness from the 16th to the 
28th cycle. The Lucitone 199 specimens showed the greatest jump in surface roughness 
from baseline leading up to the 28th cycle. More specifically, there was significant change 
in roughness between the baseline and 8th cycle and then again between the 16th and 28th 
cycles (P value <0.0001). There was an insignificant change in roughness between the 8th 
and 16th cycles (Figure 48, Table 24). The analysis of the effect of the interaction of the 
treatment and cycle, there was a minimal significant increase in roughness for specimens 
treated with water or dish soap between baseline up to the 28th cycle (P value <0.0001). 
However, specimens treated with Efferdent and Polident showed the greatest increase in 












Table 21: Summary of connecting letters report for surface roughness values according to 
treatment 
 




Level Connecting Letters Least Sq Mean 
Formlabs A   0.19075000 
Dentca  B  0.12466667 
Lucitone Digital  B  0.12375000 
Lucitone 199   C 0.07483333 
Level Connecting Letters Least Sq Mean 
Efferdent A 0.13466667 
Dish soap A 0.13041667 
Polident A 0.12725000 
Water A 0.12166667 
Level Connecting Letters Least Sq Mean 
28 A   0.19320833 
16  B  0.17235417 
8  B  0.16681250 
0   C 0.12850000 
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Table 23: Summary of connecting letters report for surface roughness values according to 















Level Connecting Letters Least Sq Mean 
Formlabs,Water A      0.20 
Formlabs,Efferdent A B     0.19 
Formlabs,Dish soap A B     0.19 
Formlabs,Polident  B C    0.17 
Lucitone Digital,Water   C D   0.14 
Dentca,Dish soap   C D   0.14 
Dentca,Efferdent    D E  0.13 
Lucitone Digital,Dish soap    D E  0.12 
Lucitone Digital,Polident    D E  0.12 
Dentca,Polident    D E  0.12 
Lucitone 199,Efferdent    D E  0.11 
Dentca,Water     E  0.11 
Lucitone Digital,Efferdent     E  0.10 
Lucitone 199,Polident     E  0.09 
Lucitone 199,Dish soap      F 0.06 
Lucitone 199,Water      F 0.03 
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Table 24: Summary of connecting letters report for surface roughness values according to 





















Level Connecting Letters Least Sq Mean 
Lucitone 199,28 A      0.23 
Formlabs,28 A      0.22 
Formlabs,16 A      0.22 
Formlabs,8 A      0.22 
Formlabs,0  B     0.19 
Dentca,28  B C    0.17 
Lucitone 199,16   C D   0.16 
Dentca,8   C D   0.15 
Dentca,16   C D   0.15 
Lucitone Digital,16   C D   0.15 
Lucitone 199,8   C D   0.15 
Lucitone Digital,28   C D   0.15 
Lucitone Digital,8    D E  0.14 
Dentca,0     E  0.12 
Lucitone Digital,0     E  0.12 
Lucitone 199,0      F 0.07 
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Table 25: Summary of connecting letters report for surface roughness values according to 




Level Connecting Letters Least Sq Mean 
Polident,28 A        0.22 
Efferdent,28 A B       0.21 
Polident,16  B C      0.19 
Efferdent,16  B C      0.19 
Efferdent,8   C D     0.18 
Dish soap,28   C D     0.18 
Polident,8   C D E    0.17 
Water,28    D E F   0.16 
Dish soap,8    D E F   0.16 
Dish soap,16    D E F   0.16 
Water,8     E F G  0.15 
Water,16      F G H 0.14 
Efferdent,0       G H 0.13 
Dish soap,0       G H 0.13 
Polident,0        H 0.13 
Water,0        H 0.12 
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3.4 Biaxial Flexural Strength  
The biaxial flexural strength of each material was tested at baseline and at the 28th cycle 
of exposure to each treatment solution. The mean biaxial flexural strength values of each 
material at baseline and after being treated with different solutions 28th cycle are shown in 
the graph (Figure 50). The mean biaxial flexural strength values for each specimen group 
at baseline and the 28th cycle after being exposed to the different treatment solutions were 
calculated and represented in Table 26.  
Lucitone Digital Print specimens showed the highest overall biaxial flexural strength 
values followed by DENTCA Denture Base II, Formlabs, and lastly Lucitone 199 which 
had the lowest overall biaxial flexural strength values. 
The Tukey HSD test was performed to determine the statistical difference between 
denture resin materials, solution treatments, and the interaction between these variables.  
Running the linear regression test revealed that the biaxial flexural strength values were 
significant amongst different materials (P value <0.0001) and different treatments (P value 
<0.0001). However, there was no significant difference amongst the interaction between 




Table 26: Summary table of the mean, standard deviation, and coefficient of variance of 
the biaxial flexural strength of different materials exposed to different treatment solutions 
 Biaxial flexural strength (MPa) 
Material Treatment N Mean Std Dev CV 
Dentca No Treatment 10 179.995 17.420 9.68 
  Dish soap 10 149.767 14.629 9.77 
  Efferdent 10 129.347 27.666 21.39 
  Polident 10 147.344 16.228 11.01 
  Water 10 153.582 21.430 13.95 
Formlabs No Treatment 10 174.994 15.483 8.85 
  Dish soap 10 131.010 14.991 11.44 
  Efferdent 10 129.839 22.350 17.21 
  Polident 10 128.371 15.192 11.83 
  Water 10 129.007 20.175 15.64 
Lucitone 199 No Treatment 10 131.054 20.128 15.36 
  Dish soap 10 90.340 24.830 27.49 
  Efferdent 10 92.158 18.009 19.54 
  Polident 10 96.650 22.091 22.86 
  Water 10 91.355 26.188 28.67 
Lucitone Digital No Treatment 10 209.280 13.794 6.59 
  Dish soap 10 188.155 16.295 8.66 
  Efferdent 10 186.979 8.202 4.39 
  Polident 10 192.451 13.483 7.01 




 Table 27: Effect summary table of the material, cycle, treatment and cycle, material and 
cycle, material and treatment, and treatment effect on biaxial flexural strength values 
 
Between the different materials, Lucitone Digital Print had the highest biaxial 
flexural strength followed by DENTCA Denture Base II and then Formlabs. Lucitone 199 
was by far the weakest material with the lowest biaxial flexural strength values (P value 
<0.0001) (Figure 51, Table 28). When analyzing the effect of treatments on the biaxial 
flexural strength, there was a significant drop in strength for all treatment groups compared 
to the specimens that had no treatment (P value <0.0001). Although there was a significant 
decrease in biaxial flexural strength between the no treatment group and treatment groups 
(P value <0.0001), there was an insignificant difference in biaxial flexural strength amongst 
the treatment groups (P value =0.2015) (Figure 52, Table 29). Upon comparison of the 
effect of the interaction of the material and cycles on the biaxial flexural strength, the 
results were insignificant. Formlabs specimens had the greatest decrease in strength 
between the no treatment and treatment groups. Lucitone Digital Print had the least 
decrease in strength between the no treatment and treatment groups. The biaxial flexural 
strength values for DENTCA Denture Base II also decreased significantly after undergoing 
treatment, remaining with strength values in between Formlabs and Lucitone Digital Print 
(P value <0.0001). Lucitone 199 specimens had the smallest drop in strength values 
Source Nparm DF Sum of 
Squares 
F Ratio Prob > F 
Material 3 3 217214.27 210.9028 <.0001* 
Treatment 4 4 40105.71 29.2053 <.0001* 
Material*Treatment 12 12 5504.87 1.3362 0.2015 
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between no treatment and treatment groups, and had the lowest biaxial flexural strength 
compared to all other materials (Figure 53, Table 30).  
The stress strain curves of each material before and after exposure to water 






Table 28: Summary of connecting letters report for biaxial flexural strength values 
according to material 
 
Table 29: Summary of connecting letters report for biaxial flexural strength values 
according to treatment 
 
  
Level Connecting Letters Least Sq Mean 
Lucitone Digital A    192.55 
Dentca  B   152.01 
Formlabs   C  138.64 
Lucitone 199    D 100.31 
Level Connecting Letters Least Sq Mean 
No Treatment A  173.83 
Polident  B 141.20 
Water  B 139.95 
Dish soap  B 139.82 
Efferdent  B 134.58 
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Table 30: Summary of connecting letters report for biaxial flexural strength values 
according to material and treatment 
Level Connecting Letters Least Sq Mean 
Lucitone Digital,No Treatment A      209.28 
Lucitone Digital,Polident A B     192.45 
Lucitone Digital,Dish soap A B     188.15 
Lucitone Digital,Efferdent A B     186.97 
Lucitone Digital,Water A B     185.87 
Dentca,No Treatment A B C    179.99 
Formlabs,No Treatment  B C D   174.99 
Dentca,Water   C D E  153.58 
Dentca,Dish soap    D E  149.77 
Dentca,Polident    D E  147.34 
Lucitone 199,No Treatment     E  131.05 
Formlabs,Dish soap     E  131.01 
Formlabs,Efferdent     E  129.84 
Dentca,Efferdent     E  129.35 
Formlabs,Water     E  129.01 
Formlabs,Polident     E  128.37 
Lucitone 199,Polident      F 96.65 
Lucitone 199,Efferdent      F 92.16 
Lucitone 199,Water      F 91.35 





























Figure 59: SEM image of the fractured surface of untreated Lucitone Digital Print under 
200x magnification hackle marks on the surface towards area of compression side 
(marked 1 in Figure 58) 
Figure 60: : SEM image of the fractured surface of untreated Lucitone Digital Print 
under 200x magnification showing a smooth surface towards area of tension side 



























Figure 66: SEM image of the fractured surface of Lucitone Digital Print treated 
with water under 500x magnification showing a smoother surface towards area of 
compression side (marked 2 in Figure 63) 
Figure 67  SEM image of the fractured surface of Lucitone Digital Print treated with 
water under 200x magnification showing an multiple hackle marks on the surface 

























Figure 69: SEM image of the fractured surface of untreated DENTCA Denture 
Base II under 200x magnification showing hackle marks on compression side 
(marked 1 in Figure 68) 
Figure 70: SEM image of the fractured surface of untreated DENTCA Denture 
Base II under 200x magnification showing a hackle marks on tension side 





























Figure 79: SEM image of the fractured surface of untreated Formlabs Denture 
Base under 100x magnification showing irregular fracture surface with hackle 
marks under indenter area of compression. (marked 1 in Figure 78) 
Figure 80: SEM image of the fractured surface of untreated Formlabs Denture Base 
under 120x magnification showing irregular fracture surface on compression side 
























Figure 81: SEM image of the fractured surface of untreated Formlabs Denture 
Base under 200x magnification showing there multiple hackle marks on the 
fracture surface of the tension side. (marked 3 in Figure 78) 
Figure 82: SEM image of the fractured surface of untreated Formlabs Denture 
Base under 200x magnification showing hackle marks on the fracture surface 












Chapter 4: DISCUSSION 
The purpose of this study was to conduct a laboratory experiment to evaluate the 
effect of denture cleansers on the mechanical and optical properties including color 
stability, surface hardness, surface roughness, and flexural strength of various 3D printed 
denture polymers  in comparison to conventional heat-polymerized denture polymers. 
Since this was conducted in-vitro, the results obtained cannot be fully applied to the 
intraoral situation, as the environment is different and materials may not display the same 
performance.  
4.1 Color Stability  
Since complete dentures not only restore the functional aspect of an edentulous patient, 
but the esthetic aspect as well, the color stability of these newly introduced resins is 
important in order to maintain the realistic pink pigmentation that mimics the deficient soft 
tissue of these patients. Since it has been proven in previous studies that heat cured denture 
resins such as Lucitone 199 undergo color changes after exposure to cleansing solutions 
(58) testing the effects on the emerging 3D printed resins is essential as their popularity 
increases. After exposing the specimens to 28 cycles of treatment solutions, there was a 
significant difference between the materials in this study. The 3D printed denture resins 
including Lucitone Digital Print, DENTCA Denture Base, and Formlabs had a significantly 
lower DE* (P value= 0.0001) as compared to the heat polymerized Lucitone 199. Looking 
at the 3D printed denture resins, Formlabs and DENTCA Denture Base II had a 
significantly lower DE* value in comparison to Lucitone Digital Print. However, Lucitone 
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Digital Print still had a significantly lower DE* value compared to Lucitone 199. This 
finding coincides with another study by Alfouzan et al. that concluded that 3D printed 
resins undergo less of a color change compared to conventional heat-polymerized PMMA 
(2).  
There was a significant effect in DE* value between the interaction of materials and 
treatment with P value= 0.0139. Unexpectedly, the specimens treated in dish soap and 
water portrayed a higher DE* value at the 28th cycle compared to those treated with Polident 
and Efferdent.  Since Efferdent and Polident contain peroxides and mono persulfates which 
have a potential whitening effect, it was expected they would cause a greater color change 
compared to the other treatment solutions (30). Nevertheless it is mentioned that in 
comparison to other denture cleansers with oxygen liberating enzymes, Efferdent and 
Polident release CO2 which has a lesser whitening effect (47). However, dish soap does 
also contain several chemicals and dyes that could potentially affect the color overtime. 
Overall, there was a significant difference in DE* between the different materials as the 
number of cycles increased. Although statistically the DE* was significant in this study, 
clinically it may not be perceptible to the human eye. According to a study on clinical 
colorimetry, the average CIE L*a*b* color difference of those ratings judged a match by 
the USPHS criteria was found to be 3.7. However, the overlap in ranges of the color 
differences for those comparisons rated matches and mismatches indicates the importance 
of other factors in appearance matching, such as translucency and the effects of other 
surrounding visual stimuli (62).  
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 Since the specimens were stored in the incubator at 37°C in between treatment cycles, 
the temperature change could have had an effect on the color more than the different 
denture cleanser solutions. This effect was observed in a study by Goiato et al. where the 
denture resins tested that were exposed to thermocycling and disinfection revealed a 
significant difference in DE* (55). Because the study was done over a short cycling period, 
it could be possible that the long-term effects on the denture resins did not show yet. A 
study done by Sato et al. showed that over a 30 day cycling period observing the effects of 
denture cleansers on denture resins, there was no significant change in color (31).   
4.2 Microhardness 
Along with the everyday use of dentures, the daily wear and tear along with exposure 
to chemical denture cleansers leaves a potential for the surface to become damaged and 
deformed. The surface hardness is an important mechanical property to assess as it is 
associated with the longevity of the denture, in which a higher microhardness level 
decreases the susceptibility to surface alterations including cracks and scratches (56, 63) . 
There are controversies in previous studies on the effect of denture cleansers on the 
surface hardness (10, 60, 64). 
When analyzing the trend of microhardness values for the materials in this study (P 
value <0.0001), the Formlabs specimens showed the highest microhardness values 
followed by DENTCA Denture Base II, Lucitone 199 and Lucitone Digital Print. It was an 
interesting find to see that Lucitone Digital Print had the lowest microhardness values amid 
all the materials. This could have been due to the high flexibility of the material which was 
observed during biaxial flexural strength testing. Such flexibility and low microhardness 
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could raise a hypothetical possibility of there being a rubber phase dispersed in the material. 
Detailed information regarding the ingredients, basic mechanical properties and many 
other performances of new materials remain undisclosed because of commercial interests 
(65).  
With increased treatment cycles, the microhardness value decreased for all materials 
(P value= 0.0001), however the microhardness values of Formlabs and DENTCA Denture 
Base II remained higher than Lucitone 199 and Lucitone Digital Print specimens. All 
treatments showed a decline in microhardness throughout the treatment cycles, however 
the least values were seen with dish soap followed by Polident and Efferdent even though 
they were insignificant (P value= 0.1037). However when analyzing the interaction of 
treatment and material there was a significant difference with a P value of 0.0060. The fact 
that Formlabs and DENTCA Denture Base II maintained a higher microhardness 
throughout the experiment, makes these materials more resistant to potential surface 
changes that could affect the integrity and lifespan of the denture.  
There have been previous studies on the effect of denture cleansers on denture teeth 
and denture bases with controversial conclusions (60, 63), however there is limited 
knowledge on the effect of microhardness in 3D printed denture resins. 
Microhardness changes can be attributed to alterations in the polymer structure of 
the resin. Chemical disinfection may alter denture surface and structure because of polymer 
solubility or water sorption from immersion solutions (63, 66) Denture base microhardness 
might decrease due to chemical softening by the water of the disinfection solutions. With 
the 3D printed resins being UDMA based, these monomers and their resultant polymers 
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are not considered to be extremely hydrophilic, however they certainly absorb water and 
to a potentially damaging extent (66). According to Venz and Dickens, the urethane 
linkages in UDMA are considered hydrolytically susceptible groups, responsible for water 
absorption (67).  
Generally speaking, water enters the polymer network through porosity and 
intermolecular spaces. The extent and rate of water uptake is dependent upon the density 
of the polymer network and the potential for hydrogen bonding and polar interactions. 
Therefore materials with increased porosities, such as Lucitone 199, are more susceptible 
to this phenomenon (66). The prolonged exposure of the materials to an aqueous solution 
could have potentially led to this significant change in microhardness between the cycles 
(P value= 0.0001). As for materials that have no voids with a more uniform structure, water 
molecules can expand polymer chain distance, and reduce hardness. This may be related 
to absorption and adsorption cycles in addition to the hydrolytic degradation of the 
polymer, resulting in linkage cleavage and gradual deterioration of its infrastructure over 
time (55). 
Residual monomer is known to have a plasticizing effect which reduces the 
polymer interchain forces so that deformation occurs more easily under load during 
hardness tests.(63) This can explain the cause of a lower microhardness value for the heat 
polymerized Lucitone 199 material. Low hardness levels could also be related to this 
material's powder-to-liquid ratio, since it has been demonstrated that the lower this ratio, 
the higher the content of residual monomer remaining in the polymerized resin (68).  
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4.3  Surface Roughness 
Similar to how surface hardness needs to be maintained for the longevity of the denture, 
surface roughness also becomes crucial to prevent harboring of plaque and bacteria. 
Abrasive denture cleansing can negatively affect hygiene by increasing the susceptibility 
to plaque accumulation, making it difficult to adequately clean, and therefore facilitate 
plaque regrowth, in turn affecting the health of the tissues contacting the denture base (20, 
21, 25, 69).  
It was observed in this experiment that Formlabs showed the roughest surface followed 
by DENTCA Denture Base II, and then Lucitone Digital Print. Lucitone 199 specimens 
presented the smoothest surface with a significant difference between them (P value 
0.0001). However, with increased treatment cycles, Lucitone 199 had the greatest increase 
in roughness. 
Initially, Lucitone 199 was easier to polish to a very smooth surface compared to the 
3D printed resins. It is important to ensure an adequately polished surface, as the heat 
polymerized resins tend to have irregularities from processing that should be removed prior 
to being used by the patient.  
Although 3D printed resins have a more uniform structure with less chance of 
porosities, the surfaces can have irregularites such a ridges from the printing and layering 
process, there are limited studies evaluating their roughness from a clinical standpoint. 
However, some studies do refer to the application of a coating agent or glaze as an 
alternative to conventional polishing to achieve a smooth surface (20, 70) Formlabs 
specimens were printed on the Formlabs Form 3 printer which used an SLA printing 
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technology that produces objects with a superficial surface roughness of 35-40 µm Ra  (71). 
Although the material was polished, this can explain the fact that it had the highest surface 
roughness value of all the materials.  DENTCA Denture Base II and Lucitone Digital Print 
were printed using the Carbon 3D printer that utilizes CLIP allowing for layerless printing,  
explaining why those specimens had a smoother surface than the Formlabs specimens (45). 
In a study performed by Kagermeier-Callaway et al, both Streptococcus 
oralis and Actinomyces viscosus adhered to rough denture surfaces(72) In a study by 
Morgan and Wilson, the effect of the nature of denture acrylic resin and the roughness of 
its surface on biofilm accumulation. In their study, both the type of acrylic resin and the 
roughness of the acrylic resin had a significant impact on the adhesion of S. oralis to the 
specimens.(25) An emphasis was placed on the correct polishing of denture resins to 
eliminate rough surfaces and avoid the adherence of plaque in a study by Berger et al. (73). 
Therefore, acrylic should have the smoothest surface possible to reduce biofilm formation. 
This in turn will reduce mucosal inflammation and facilitate denture cleaning(59) 
While exposure to cleansing agents can potentially abrade the surface of denture 
resins, an immersion-type or chemical-based cleanser was found to be the most suitable 
cleanser because of its low abrasiveness and effective removal of organic debris (57). This 
was found to be true for the 3D printed materials. Although the 3D printed materials started 
out initially with a higher surface roughness than Lucitone 199 specimens, the surface 
roughness did not increase as much as the Lucitone 199 material and was overall 
maintained throughout the experiment. The Lucitone 199 specimens started off with the 
smoothest surface, however when exposed to the treatment cycles of Efferdent and 
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Polident, they significantly increased in roughness. Their exposure to water and dish soap 
had an insignificant effect on surface roughness (P value= 0.0001). These results for the 
heat polymerized denture resin are in line with a study by Pinto et al, there was an increase 
in roughness after exposure to repeated cycles of chemical disinfection(54). 
The surface roughness of a material should not be more than 0.2µm to be of a 
clinically acceptable value to avoid biofilm and bacterial colonization (22, 23). This value 
was maintained by all the materials, however with the rapid increase in roughness for the 
Lucitone 199 heat polymerized materials, there is a possibility for the roughness to surpass 
this cutoff value if the experiment is continued for a longer exposure period. 
4.4 Flexural Strength 
Denture fractures account for one of the most common complications for denture 
wearers due to their limited manual dexterity (74-78) To avoid the possibility of fracture 
of denture bases, it is important to use a resin that can withstand these forces. Therefore, 
biaxial flexural strength of the resins used to fabricate a denture is an important property 
to assess, in order to ensure a sturdy prosthesis. In this study, it was found that the 3D 
printed resins had significantly (P value= 0.0001) higher biaxial flexural strengths 
compared to the heat polymerized Lucitone 199. Of the 3D printed dentures, Lucitone 
Digital Print had the highest biaxial flexural strength followed by DENTCA Denture Base 
II, and then Formlabs.  
For all materials, there was a significant difference between those specimens with no 
treatment and those treated with a cleansing solution (P value= 0.0001). However, there 
was an insignificant difference in flexural strength between the Efferdent, Polident, soap, 
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and water groups. The lack of significance between the biaxial flexural strength of 
treatment groups, considering their values all decreased could be due to the temperature 
effect from being stored in the incubator at 37°C in between treatment cycles. This effect 
is in line with a study by Sasaki et al., in which there was a significant decrease in strengths 
of high-impact resins after water immersion or thermocycling (79). Similar to findings of 
other studies, the prolonged exposure to cleansing solutions does affect the flexural 
strength of heat polymerized denture resins (23, 80, 81). There is insufficient data in the 
literature in regards to the effect of denture cleansers on the biaxial flexural strength of 3D 
printed denture resins to compare to this study.  
SEM evaluation was done to examine the fracture patterns of the different materials in 
order to compare changes before and after treatment exposure. The 3D printed resins with 
no treatment had a similar pattern in which the compression surface had several hackle 
marks. Progressing towards the tension side, a smoother surface was seen.  
Lucitone Digital Print showed plastic deformation (in both the treatment and no 
treatment groups) before reaching the fracture point which can be appreciated on the SEM 
images as a curvature in the cross-sectional view of the disc (Figure 58, Figure 63) as well 
as on the stress strain curve (Figure 54). A microfracture was seen in the untreated 
specimen which could be a result of the material undergoing plastic deformation before 
fracturing.  
DENTCA Denture Base II and Formlabs showed the presence of microfractures after 
treatment (Figure 76, Figure 86). The appearance of microfractures after treatment 
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exposure can indicate the potential for their occurrence with the long-term use of cleansing 
solutions.  
Examination of SEM images of the heat polymerized Lucitone 199 revealed an 
irregular fracture pattern with several hackle marks throughout the entire fracture surface 
on both the compression and tensile sides. Even though the hackle marks on the 
compression side appear to have increased in the treated specimen, the tensile area appears 
to have a smoother surface (Figure 93).  
Initially there is plastic deformation until the ultimate strength is reached. Finally, the 
material breaks since it cannot withstand additional force which is portrayed as a smooth 
fracture surface along the remainder of the material.  
These findings are in accordance with Sasaki et al. where the elastic moduli of the 
high-impact acrylic denture base resins significantly increased after six months’ water 
immersion or thermocycling 50,000 times (79). This indicates an increase in brittleness of 
the materials after treatment exposure.  
It was also observed that the 3D printed resins seemed to have a more uniform structure, 
with the absence of voids and bubbles which were present in the Lucitone 199 material 
(Figure 89, Figure 98). The presence of voids can act as a weak point decreasing the density 
of the material allowing it to fracture easily and can also act as a harboring point for 
bacterial and plaque if present on the surface.  
Although all the materials had a decrease in the biaxial flexural strength, the 3D 
printed resins maintained overall higher values compared to Lucitone 199 specimens.  
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Upon analyzing the optical and mechanical properties of the different materials, it can 
be deduced that 3D printed materials with a better color stability showed better surface 
hardness, and higher biaxial flexural strength values. Although Lucitone Digital Print 
showed good color stability and the highest biaxial flexural strength values, it showed 
lower microhardness that was comparable to the heat-polymerized Lucitone 199. Lucitone 
Digital Print exhibited great plastic deformation, which could attribute to its lower 
microhardness values. Lucitone 199 showed the poorest color stability, along with the 
roughest surface, lowest microhardness, and lowest biaxial strength values. These findings 
correlate that it has less optimal surface characteristics and mechanical properties that the 
3D printed materials.  
4.5 Limitations of Study 
To improve the finding of this study, a prolonged exposure period to the different 
treatments would provide a more conclusive analysis of their effects and clearer 
observational changes in the materials tested. Since this study was done in-vitro, it can be 
difficult to correlate these findings with the intra-oral situation as there are many eliminated 
factors such as salivary components, food and beverage exposure, and the wear and tear of 
daily use. Future studies should implement the comparison of additional 3D printed 
materials as there are new ones emerging on the market rapidly, as well as their exposure 




Chapter 5: CONCLUSION 
With digital dentistry on the rise and its incorporation into daily clinical practices, a 
multitude of new materials and techniques have been introduced alongside it. Particularly 
for removable complete dentures, 3D printing has become a recent interest of many 
clinicians for its accuracy, reproducibility, ease of clinical use, and its minimal chairside 
time. However, as these new 3D printed denture resins become increasingly popular, it is 
important to understand their behavior with denture cleansers, as they are an essential part 
of the daily maintenance and care of these prostheses. 
In this study, the mechanical and optical properties of three 3D printed denture resins and 
one heat-polymerized denture resin were studied after exposure to three denture cleansers 
and water (control)  to understand their effect on these materials. 
 
5.1 Color Stability 
1. There was a significant difference (P value < 0.0001)  in DE* between materials 
after exposure to the denture cleansers, with Lucitone 199 having the greatest DE*, 
followed by Lucitone Digital Print with the second highest DE*. DENTCA Denture 
Base II and Formlabs had the lowest DE*. 
2. Color change values between different treatments were significant (P value = 
0.0305), in which dish soap and water caused the greatest change in DE*. Polident 




1. Formlabs specimens showed the significantly highest microhardness values 
followed by DENTCA Denture Base II, and Lucitone 199 and Lucitone Digital 
Print (P value <0.0001). 
2. There was a significant decrease in microhardness values with an increase in the 
number of cycles for all materials (P value <0.0001). 
3. Dish soap caused the greatest significant decrease in hardness for all materials (P 
value= 0.0126), followed by Efferdent, Polident which showed similar changes in 
microhardness, and water which showed almost no change.  
 
5.3 Surface Roughness 
1. Initially, Formlabs specimens showed the roughest surface significantly followed 
by DENTCA Denture Base II and Lucitone Digital Print with similar surface 
roughness values, and Lucitone 199 having the smoothest surface (P value 
<0.0001). 
2. However, Lucitone 199 showed the significantly highest surface roughness values 
after exposure to treatment of Efferdent and Polident compared to water and dish 
soap (P value <0.0001) 
3. Surface roughness increased significantly with increased treatment cycle exposure 
for Lucitone 199, however roughness values remained stable for Formlabs, 
DENTCA Denture Base II, and Lucitone Digital Print. 
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5.4 Biaxial Flexural Strength 
1. Between the different materials, Lucitone Digital Print portrayed the significantly 
highest biaxial flexural strength followed by DENTCA Denture Base II and then 
Formlabs. Lucitone 199 was by far the weakest material with the significantly 
lowest biaxial flexural strength values (P value <0.0001). 
2. Biaxial flexural strength values were significantly higher (P value <0.0001) for no 
treatment groups compared to those materials in treatment groups. However there 
was an insignificant difference in biaxial flexural strength values between the 
Efferdent, Polident, dish soap, and water groups.  
 
From the results of this study we can conclude that 3D printed materials in this 
study are more color stable that the heat polymerized Lucitone 199. In regards to 
microhardness, 3D printed materials have higher microhardness values than heat 
polymerized materials except for Lucitone Digital Print. This makes 3D printed 
dentures more resistant to surface damages which can promote their life span. 
Although Lucitone 199 started off with a smoother surface, the 3D printed materials 
in this study maintained their roughness values throughout the study, whereas Lucitone 
199 showed a large increase in roughness. Maintaining a clinically acceptable value 
for surface roughness is an important characteristic to maintain the longevity of the 
denture. The 3D printed materials in this study showed higher biaxial flexural strength 
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